We developed an index (MESH -Macroinvertebrates in Estonia: Score of Hydromorphology) to assess hydromorphological quality of Estonian surface waters based on macroinvertebrate taxonomic composition. The MESH is an average score based on the affinities of selected indicator taxa to flow velocity and bottom type. As both parameters were highly correlated (r = 0.65) indicator response to both parameters were combined. The list of MESH indicators includes 394 freshwater macroinvertebrate taxa derived from 3282 samples collected from rivers and lakes during . The indicators were selected out of 690 taxa, by applying the information-theoretical Kullback-Leibler divergence. The individual scores of macroinvertebrates range from 0 to 3, the higher scores indicating faster flow and/or solid bottom substrate. For standing waters, flow velocity was always considered zero. Among the reference waterbodies, mean MESH was the highest for small streams followed by middle streams, large streams, and lakes. In lakes with medium water hardness (the prevailing type in Estonia), the MESH decreased gradually from stony to muddy bottom. The highest MESH values for standing waters were observed in the stony surf zone of very large lakes (area > 100 km 2 ). The lowest values occurred for small lakes with exceptional hydrochemical characteristics (soft-and darkwater, and calcareous types). Similarly, MESH indicated stream degradation by damming. Mean MESH in reservoirs with a muddy bottom was significantly lower than in reservoirs with a hard bottom, or in unregulated stream sections.
Introduction
Stressor-specific indices and assessment systems using benthic macroinvertebrates have mainly been generated for organic pollution, acidification and the impact of heavy metals both in streams and lakes (Johnson et al., 1993) . More recently, physical disturbances like damming, channelization, separation of channel and floodplain, and destroying of the riparian vegetation have become more relevant in Europe and has thus been included into assessment methods (Böhmer et al., 2004; Feld, 2004; Lorenz et al., 2004) . According to the Water Framework Directive (2002), macroinvertebrates are considered to be an important quality element for the classification of the ecological status of both lakes and rivers. Käiro et al. (2011) revealed that indices primarily developed to detect organic pollution and/or general degradation were also sensitive to hydromorphological stress caused by damming of streams. In cases of mud accumulation upstream of dams, a decreasing number of sensitive species was observed in accordance with the corresponding indices. Likewise, the EPT density (% abundance of families of Ephemeroptera, Plecoptera and Trichoptera) used in a case study by Sharma et al. (2005) was lower upstream and directly downstream of a dam. Stream channel modifications were negatively correlated with ASPT (Average Score Per Taxon), frequently used in the UK (Davy-Bowker and Furse, 2006) . Some commonly used biomonitoring metrics (taxa richness, density, Ephemeroptera, Plecoptera, and Trichoptera (EPT) richness, EPT density, and EPT/Chironomidae richness) were consistently significantly negatively correlated to deposited fine sediment (Zweig and Rabeni, 2001) .
However, in order to describe the adverse effects of direct hydromorphological changes, more specific methods are required. In running waters, human activity may both inhibit or accelerate the flow, thus causing stress for rheophilic (in the case of stagnant sections upstream of dams) or limnophilic (in the case of artificial lithal habitats) species (Baxter, 1977; Ward and Stanford, 1979; Lorenz et al., 2004; Nichols et al., 2006; James and Suren, 2009) . In Europe, the indices of flow sensitivity of stream macroinvertebrates were established in Great Britain (Extence et al., 1999) and in Germany (Banning 1990 ref. Meier et al., 2006 Schmedtje and Colling, 1996) . In running waters, water level fluctuation below the dam and water abstraction usually strongly influences the structure of the macroinvertebrate community (Dewson et al., 2007; Chessman et al., 2010; McEwen and Butler, 2010; Poff and Zimmerman, 2010) . In standing waters, the composition of macroinvertebrate assemblages was also strongly associated with the amplitude of water level regulation (Palomäki, 1994; Aroviita and Hämäläinen, 2008; Thompson and Ryder, 2008) . Taxon richness may also decrease with the increasing intensity of human changes of shoreline development (Brauns et al., 2007 . Ship-induced waves had a negative effect on lake macroinvertebrates on most types of bottom substrates (Gabel et al., 2008) .
In lakes, stones or gravel prevail in wave zones, while sand and other finer particles concentrate in more calm conditions. Regulation of water level, and/or deficiency of hard substrates may alter these dependencies (Baenziger, 1995; Sauter and Gude, 1996; Rasmussen and Rowan, 1997) . While in deep or large lakes mud particles are automatically transported into the profundal or onto the leeward shore, in shallow or small lakes they may concentrate anywhere in the littoral, particularly in the vegetation. In case alternative hard substrates are not available, shallowwater macroinvertebrates only assemble on the macrovegetation (Beckett et al., 1992; Olson et al., 1996; Marklund et al., 2001) , or on artificial materials (Gretler and Ostendorp, 1997; Quinn et al., 1998; Czarnecka et al., 2009) .
Our goal was to assess hydromorphological conditions of Estonian lakes and rivers based on the taxonomic composition of macroinvertebrates. Water regulation and channelization serve as the two most significant types of hydromorphological stress in Estonian running waters (Järvekülg, 2001) . However, the existing corresponding systems (Extence et al., 1999; Meier et al., 2006) were not well extrapolatable to Estonia because of significant differences in sampling strategy and in the lists of indicator taxa. Moreover, we aimed to include also lentic waterbodies that had not or insufficiently taken into account earlier. We hypothesize that, in addition to flow velocity, the relevance of bottom type (or its combination with flow velocity) as a measure of hydromorphological conditions should be considered for developing the index. Other factors (such as flow permanence, destroying of the riparian vegetation) were not included.
Individually, we performed the following steps:
1. We estimated the affinities of macroinvertebrate taxa both to flow velocity and bottom type, involving a wide variety of Fig. 1 . Study area. Black dots -stream sites, grey dots -lake sites, grey diamondssmall standing water sites. V -Lake Võrtsjärv.
shallow waters (among them different kinds of natural running waters and lake littoral; but also reservoirs, ponds, pools and other small waterbodies). 2. We arranged taxa with similar affinities into groups (clusters). 3. We specified indicators (taxa with statistically significant affinities). 4. On the basis of these indicators, we developed a simple index in order to rank macroinvertebrate samples from different waterbodies.
Materials and methods

Study area
Estonia is a small country (area 45,200 km 2 ) with a flat landscape (mean altitude 50 m above sea level), situated on the eastern shore of the Baltic Sea (Fig. 1) . Together with Latvia and Lithuania, it forms the Baltic ecoregion in the sense of the Water Framework Directive, with a prevailing altitude lower than 200 m. Estonia belongs to the area of mixed forests of the temperate zone, bordering the taiga. In comparison with the other European areas, it is characterized by a quite large proportion of raised bogs and forests (Raukas, 1995) . The streams of Estonia are divided into seven types according to catchment area and hydrochemical features (Status classes and class boundaries for surface waterbodies and the procedure of Table 1 Number of samples in different categories. Calcareous lakes: conductivity > 400 S cm −1 ; lakes with medium water hardness: conductivity 165-400 S cm −1 ; softwater dark-coloured lakes: conductivity < 165 S cm −1 , absorbance factor at 400 nm ≥ 4 m −1 , colour ≥ 8; softwater light-coloured lakes: conductivity < 165 S cm −1 , absorbance factor at 400 nm < 4 m −1 , colour < 8; coastal lakes: distance from the sea < 5 km, content of chlorines > 25 mg l −1 . 
Sampling sites and samples
Samples from shallow areas (depth < 1 m) of Estonian freshwaters were used to establish relationships between the taxonomic composition of macroinvertebrates and hydromorphological conditions. The data set consisted of 3282 samples from the database of Centre for Limnology, Estonian University of Life Sciences, collected in 1985 Sciences, collected in -2009 (Table 1 , Fig. 1 ). We believed that the large heterogeneity of the data would increase the reliability of the planned index of hydromorphology.
The area of small lakes (<100 km 2 ) ranged 0.4-1430 (mean 93 ± 11) ha. From the two largest lakes, Peipsi-Pihkva and Võrtsjärv (both with medium water hardness), 17 and 20 samples, respectively, were included. The area and type of most small standing waters was not specified.
Obviously human-stressed samples were not ignored. However, polluted (mainly organically) sites accounted for only 15%, hydromorphologically influenced (dammed, channelized, and artificial waterbodies) sites, 18%, and sites both polluted and hydromorphologically influenced, 4% of the whole dataset.
In the sampling protocols, both flow velocity and bottom type were estimated visually using a four-level scale referred to below as Flow Score, and Bottom Score. The lowest flow velocity and the softest bottom were coded with "0", the fastest flow and the hardest bottom, with "3" ( Table 2 ). Flow velocity in standing waters was always coded with zero, irrespective of the bottom type. Combinations of values of Flow Score and Bottom Score were named as Flow-Bottom Score. The introduction of Flow-Bottom Score was motivated by a highly significant correlation between Flow Score and Bottom Score (r = 0.65, p < 0.0001, Table 3 ). This seven-level scale is analogous to the first principal component for the bivariate vector <Flow Score, Bottom Score> and characterizes largely both flow and bottom. As Flow Score in standing waters was always considered zero, the corresponding Flow-Bottom Score for hydromorphological conditions depended on bottom type only. As bottom type in lakes is significantly related to the intensity of water movements, the Score indicates accumulation of soft sediments on stony bottom. Habitats with the same sore but from different water types were treated separately (e.g. stony lake littoral and slow-flowing stream with similar scores). The most frequently sampled habitats were lentic areas with soft bottom (Flow-Bottom Score: 784 cases) and streams with varied flow and bottom (Flow-Bottom Score: 690 cases) ( Table 2) .
Taxa
Preliminarily, 825 taxa with different identification levels were included in the analysis. The material was mostly identified to the species or genus level according to Johnson's (1999) list with some modifications for Estonian freshwaters. Chironomids, oligochaetes and the species of the other groups for which the identification required high magnification were not determined further. We used presence-absence data only as most samples (70%) were entirely qualitative. Mean Flow-Bottom Scores were calculated for each taxon, averaging the scores over the occurrence of taxa in different habitats. The proportions of different habitats were taken into account by dividing the taxon frequencies with their corresponding habitat frequencies, which yielded the weighted scores.
All taxa were then grouped into twelve clusters on the basis of their distribution over habitats and weighted scores, using the SAS system procedure Fastcluster (SAS Institute Inc., 2008). The number of clusters (12) was derived from the maximum number of the habitats (Table 2 ; treating numerically similar but actually different habitats separately). The clusters were then ranked according to the mean weighted scores of their member taxa. In order to eliminate some very small or ecologically similar items, some neighbouring clusters were joined.
135 redundant taxa (e.g. those presented on the family, genus and species levels, as well as those with inconsistent identification level) were removed. For the remaining 690 taxa, their informativeness (IG) with respect to the habitats was calculated, using the Kullback-Leibler difference (Rényi, 1970) :
where k is the taxon, q k (a) is the probability of occurrence of the taxon in a habitat of type a and p(a) is the probability of type a habitat among all sampling sites. IG compares the probability distribution of habitats in the whole data set, with the distribution of habitats among sites where the taxon was registered. The IG for the taxon is low, if the taxon was found with similar probabilities than occurred those habitats where it was encountered. If the taxon was found only in one habitat, its IG obtains maximum values. The statistical significance of IG was modelled using the SAS IML procedure, repeating the IG calculation 200,000 times with randomly generated data. The critical values of IG were calculated for significance levels ˛ = 0.1, 0.05, 0.01, and 0.001. The statistical significance of 690 taxa to indicate sensitivity to certain conditions was tested. Taxa whose IG was not significant were discarded. The index indicating the relationship between macroinverebrates and hydromorphological conditions was designed following the example of the British Average Score Per Taxon (ASPT) (Armitage et al., 1983) , where the final score (ASPT) was achieved by dividing the sum of individual scores (s) by the number of individual indicator taxa in the sample (n):
Unlike in the case of ASPT, we considered that taxa belonging to the same family and having the same affinities should all be accepted as indicators (e.g. Potamophylax latipennis and P. rotundipennis). Taxa of higher than species level (e.g. Potamophylax sp.) were included if identification to species was not possible, or if statistically significant indicators on for the species level were not available.
Results
Clusters
The clusters arranged taxa with similar affinities into groups. According to the weighted Flow-Bottom Score values, some similar or very small clusters were combined (e.g. Clusters 2 and 3, 4 and 5, 6 and 7, 8 and 9, 10 and 11). Cluster 12, which included only four taxa, was the closest to Clusters 10 and 11. Cluster 1 was most separate (Table 4) .
As a result, a preliminary scale based on six clusters was formed with corresponding score values 0-5 (Flow-Bottom Score 6). In this case, the scores 0-1 indicate the absence of flow and soft bottom (lake littoral). Scores 2 and 3 indicate weak flow, or in the absence of flow hard or very hard bottom. Score 4 indicates moderate flow and hard bottom, and scores 5 and 6 indicate fast flow and hard bottom. In further view, two of the cluster group pairs (4 + 5 and 6 + 7; 8 + 9 and 10 + 11) had quite similar weighted Flow-Bottom Score values even after the combination described above. After joining these pairs, a four-level scale (Flow-Bottom Score 4) was formed with meanings of the habitats quite similar to those of Flow-Bottom Score 6. In any case, the outermost clusters were well separable, while the middle units were quite similar to each other, with relatively smooth transitions.
Comparison of Flow-Bottom Score 4 and Flow-Bottom Score 6
Average Flow-Bottom Score 4 and Flow-Bottom Score 6 scores were calculated for the set of all sampling sites (n = 3282) from which score-forming taxa were selected. The correlation between these two metrics was highly significant (p < 0.0001, r = 0.99) (Fig. 2) . Hence, average Flow-Bottom Score 4 as the simpler of the two systems was chosen for further analysis. This metric was named as MESH (Macroinvertebrates in Estonia: Score of Hydromorphology). Thus, the MESH is the average Flow-Bottom Score consisting of the sum of the individual four-level scores of all indicator taxa in a sample divided by the number of indicator taxa (n) in the sample as follows: The index was calculated for all samples irrespective of sampling type.
Indicator taxa
In total, 394 taxa were qualified as indicators (Appendix A). The number of indicator taxa in all four score classes was relatively similar (Table 5 ). Standing waters with soft bottom were characterized by the highest number of Flow-Bottom Score 4 indicators (117), followed by fast-flowing streams (106). Approximately one quarter of all indicators belonged to the caddisflies (Trichoptera), followed by the water beetles (Coleoptera), the damsel-and dragonflies (Odonata) and the mayflies (Ephemeroptera). The stoneflies (Plecoptera) showed the highest affinity to score 3 (fast flow and/or hard bottom). The frequency of taxa with score 3 prevailed also among the Trichoptera and the true flies (Diptera). Low scores (0) were predominating among the snails (Gastropoda), the Odonata, the water bugs (Heteroptera) and the Coleoptera.
Several taxa were not qualified as indicators because of rarity, or insensitivity to hydromorphological conditions, including all Cnidaria and Bryozoa. Among the leeches, Placobdella costata and Theromyzon maculosum were also rare, while the semi-aquatic Haemopis sanguisuga was considered insensitive. The temporarywater inhabitant Aplexa hypnorum and the fish parasite Argulus foliaceus represented insensitive snails and crustaceans, respectively. Rarity was responsible for the non-inclusion of several insect species with strong preferences to flow and bottom types (the mayflies Ametropus fragilis, Ephemerella karelica, Heptagenia flava, Metretopus borealis, Siphlonurus aestivalis, S. lacustris, and S. linnaeanus; the odonates Brachytron pratense, Gomphus flavipes and Pyrrhosoma nymphula; the caddisflies Lithax obscurus, Molanna albicans, Molannodes tinctus, Oecetis testacea, Oligotricha striata, Tricholeiochiton fagesii, and Trichostegia minor). Some taxa (e.g. the water striders Aquarius sp., and spongeflies Sisyra sp., the water beetles Agabus sp., Ilybius fuliginosus and Laccophilus minutus; the caddisflies Glyphotaelius pellucidus, Limnephilus binotatus, Lype phaeopa, Oecetis lacustris, and O. ochracea,) showed low affinities. Likewise, the affinity of the very common dipteran family Chironomidae (as a whole) to flow and bottom was insignificant.
Testing of MESH Reference areas of Estonian freshwaters
In 2006, the reference values of six biological quality indices (total taxa richness, Shannon diversity, Average Score Per Taxon, Ephemeroptera, Plecoptera and Trichoptera taxa richness, Danish Stream Fauna Index, and Swedish Acidity Index) were established for seven subtypes of streams and for eight subtypes of lakes in Estonia (Status classes and class boundaries for surface waterbodies and the procedure of classification, 2009). The mean values of MESH for these samples are presented in Table 6 .
In general, MESH was significantly higher for natural running than for natural standing waters. In small streams, flow velocity and baserock type were not impacting the score. The effect of velocity on MESH was more evident for middle-sized but, particularly, for large streams. For large streams, the mean score for fast-flowing sections was similar to that for slow-flowing sections of the middle-sized subtype. For slow-flowing sections of large streams, MESH was comparable to the corresponding value for the stony bottom of large lakes. In this case, the highest mean score value among the lakes was observed, indicating a semirheophilic fauna. There are only two such lakes in Estonia, one of which (Lake Võrtsjärv) was used as the reference. The littoral of the other very large lake (Peipsi-Pihkva) was densely inhabited by the non-native gammarid species Gmelinoides fasciatus. Among the small lakes with medium hardness (prevailing in Estonia), the highest mean MESH was observed for stony bottom, followed by sandy and muddy areas. Likewise, the last value exceeded the corresponding values for acid (softwater dark-coloured) and calcareous types (both possessing vegetation-rich soft bottom). Softwater light-coloured lakes (often with sandy bottom) and seashore lakes (with different bottoms) were placed in middle positions.
Regulated streams
The mean values of MESH were calculated for a dataset of dammed streams in Estonia analysed in Käiro et al. (2011) . A total of 16 stream sections were studied pairwise: one sample from the reservoir, and the other from the reference area (downstream but not very close to the dam). All reference sites were fast-flowing and hard-bottomed. Five reservoirs had hard bottom (sand, gravel, or stones) while eleven reservoirs were filled with soft mud. As is evident from Fig. 3 , reference samples were not significantly affected irrespective of the fact whether their upstream-based reservoirs had muddy bottom or not (A versus B) . MESH values for hard-bottomed reservoirs themselves were even quite similar to those from reference areas (Fig. 3, C versus A and B) . The only areas with significantly changed flow and bottom, according to the macroinvertebrate taxonomic composition, were reservoirs with muddy bottom (D). In the reservoirs and their reference areas, MESH ranged from 1.32 (muddy reservoir; indicating clearly lentic conditions, according to Table 6 ) to 2.93 (downstream of a hardbottomed reservoir; even higher than the average value for natural fast-flowing streams). Table 6 MESH values for some near-natural types and subtypes of Estonian freshwaters. AM -arithmetic mean, SD -standard deviation, n -number of measurements. Lake types: 1 -calcareous, 2 -with medium water hardness, unstratified, 3 -with medium water hardness, stratified, 4 -softwater dark coloured, 5 -softwater light coloured, 6 -with medium water hardness, area larger than 100 km 2 , 8 -coastal. Lake bottom types: 0 -mud and vegetation, 1 -sand, 2 -gravel and stones. n -number of samples. 
Discussion
The current Estonian quality estimation system using macroinvertebrates (Status classes and class boundaries for surface waterbodies and the procedure of classification, 2009) addresses organic pollution and general degradation of waterbodies rather than hydromorphological characteristics. Although hydromorphological degradation affects the benthic community through a multitude of distinct factors (Feld, 2004; Lorenz et al., 2004; Poff and Zimmerman, 2010) we only focused on flow velocity and bottom type, both of which have substantial effect on macroinvertebrates and are relatively easy to measure. As standing waters lack unidirectional flow, bottom type (which was highly significantly correlated with flow velocity in our data set) is an indirect parameter enabling estimation of changes in water velocity.
In very shallow areas with transparent water, both flow velocity and bottom features can be visually detected without difficulty. In deeper zones with dark or turbid water, the result may be less satisfactory. In such cases, the macroinvertebrate community, which needs relatively little effort to be sampled and processed, can yield more reliable results. In addition, the fauna indicates other possible stress types in addition to hydromorphological stress.
In Great Britain, the velocity-indicating LIFE score responded well to changing flow conditions. It also showed a progressive down-or upstream decline as current velocities diminished and associated features changed (Extence et al., 1999; Monk et al., 2008) . For macroinvertebrates, the usual time for monitoring in North Europe is the ice-free period, except for midsummer when several insect indicators have left the water (Johnson, 1999; Skriver et al., 2000) . Similar relationships between the seasons and biological river quality were observed also for Estonian streams . As anthropogenic influences on waterbodies are not season-dependent, a perfect quality estimation system should still be possible in summer (Gabriels et al., 2010) .
We considered a combination of two metrics a more informative factor for macroinvertebrate communities than flow velocity or bottom type alone. As the MESH index was designed to be applied to any kind of macroinvertebrate samples, the local list of indicators, rather than the sampling method, will limit its use in other regions outside Estonia.
For the Baltic region, MESH has several advantages over similar indices. It includes more local indicators (n = 394), and involves lentic waterbodies that were not taken into account, or were inadequately represented earlier. The LIFE index applied in Great Britain is based on 3 min kick/sweep net sampling of all habitats (Extence et al., 1999) . Species are allocated to one of six flow groups (faster flows yielding lower scores), using literature information. On the contrary, the samples from Estonian freshwaters were either qualitative or based on bottom area. Direct calculation of the other scores on the basis of the Estonian material was not performed because of incompatibility of sampling procedures. However, the correlation between the scores of the common elements for individual taxa in MESH and LIFE was fair (p < 0.05, r = −0.5987, n = 252). After transforming the verbal categories of rheophility into the corresponding six classes in Schmedtje and Colling (1996) (ignoring the class "indifferent"), a quite similar result was achieved (r = −0.5829, n = 271). The analogous correlation between the scores for the MESH and Rheoindex taxa only regarding running water species was obviously insignificant (p > 0.05, r = 0.0862, n = 237).
In conclusion, MESH indicated higher flow and harder bottom: (1) in running than in standing waters, (2) in fast-flowing streams than in slow-flowing streams, and (3) in hard-bottomed lake littoral than in soft-bottomed lake littoral. Similarly, MESH indicated degradation by damming.
Macroinvertebrates preferring different waterbody types (slowflowing streams and rivers, and stony littoral of lakes) were assigned similar affinities (score 2 in Table 4 ). These habitats, although different in their physical bottom type (sand and debris in running waters; stones, gravel and some sand between them in standing waters) supported a quite similar fauna. Typical representatives of such areas were the caddisflies Neureclipsis bimaculata and Hydropsyche contubernalis, as well as several molluscs and leeches. Possibly, larger lakes with a stony littoral usually possess major tributaries and outflow, which increases the probability rheophiles occurring in the littoral. On the other hand, hydromorphological conditions for macroinvertebrates in wind-exposed stony shores of lakes may be comparable with slow-flowing streams. In an earlier study , we noted that the macroinvertebrate fauna in lake littorals, dammed reservoirs and slow-flowing sections of streams may coincide to a great degree.
MESH is potentially useful in detecting several kinds of hydromorphological stress in Estonia and faunistically similar areas. To supplement our knowledge in the future, hydromorphological affinities of additional taxa should be established and the values obtained so far should be checked. We plan to test MESH involving more data on differently stressed waterbodies, surface water types, and seasons and to develop corresponding reference values and quality levels for MESH in line with the European Water Framework Directive.
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Appendix A.
List of taxa with significant Flow-Bottom Score 4 (FBS 4) values. ID-AQEM -code in the database of taxa and autoecology of European freshwater organisms (http://www.freshwaterecology. info/TaxaDB Search.php), n -number of records, WFBS -weighted Flow-Bottom Score, IG -informativeness of taxon with respect to habitat, Sign -significance level (1 -0.1, 2 -0.05, 3 -0.01, and 4 -0.001).
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